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Abstract. To miniaturize the perfect metamaterial 
absorber, a fractal three-order oblique cross dipole slot 
structure is proposed and investigated in this paper. The 
fractal perfect metamaterial absorber (FPMA) consists of 
two metallic layers separated by a lossy dielectric sub-
strate. The top layer etched a three-order oblique fractal-
shaped cross dipole slot set in a square patch and the 
bottom one is a solid metal. The parametric study is per-
formed for providing practical design guidelines. A proto-
type with a thickness of 0.0106λ (λ is the wavelength at 
3.18 GHz) of the FPMA was designed, fabricated, meas-
ured, and is loaded on a 1×10 guidewave slot array anten-
nas to reduce the in-band radar cross section (RCS) based 
on their surface current distribution. Experiments are 
carried out to verify the simulation results, and the experi-
mental results show that the absorption at normal inci-
dence is above 90 % from 3.17 to 3.22 GHz, the size for the 
absorber is 0.1λ × 0.1λ, the three-order FPMA is miniatur-
ized 60 % compared with the zero-order ones, and the 
array antennas significantly obtain the RCS reduction 
without the radiation deterioration.  
Keywords 
Guidewave slot array antennas, fractal perfect 
metamaterial absorber, surface current distribution, 
RCS reduction. 
1. Introduction 
Radar cross section reduction (RCSR) of the antennas 
has been a topic of immense strategic interest for the re-
searchers. For out-of-band frequencies, it is well known 
that the RCS of antenna/array can be significantly reduced 
by placing the periodic resistive surface (PRS) [1], [2] and 
suitably shaped band-pass radome, such as frequency se-
lective surfaces (FSS) [3], [4]. However, when the radome 
is transparent, no RCS reduction of the antenna will sig-
nificantly take place for in-band frequencies. 
Nowadays, the metamaterial absorber has been paid 
attention to for in-band RCS reduction. In [5], the applica-
tion of electromagnetic band-gap (EBG) radar absorbing 
material loaded with lumped resistances to ridged 
waveguide slot antenna array to reduce its in-band RCS 
was investigated, in which the lumped resistive elements 
were used to better match the impedance of free space, and 
as the chief contributor of absorption. The design idea is 
different from this work in [5]. In [6], an artificial magnetic 
conductor (AMC) and perfect electric conductor (PEC) 
surface were combined together for in-band RCS reduction 
and radiation improvement of waveguide slot antenna 
based on the principle of passive cancellation. In [7], two 
different AMCs were analyzed for ultra-thin and broad-
band RAM design. In [8], the reflection characteristic of 
a composite planar AMC surface has been investigated and 
fabricated for broadband RCS reduction. Similarly, 
a broadband RCS reduction for a waveguide slot antenna 
with orthogonal array of CSRR-AMC is presented in [9]. 
However, it is obvious that the RCS is reduced in boresight 
direction but increased in other directions in [6]-[10]. 
Perfect metamaterial absorber (PMA) with the ultrathin 
structure and the near-unity absorptivity was firstly 
proposed and demonstrated by Landy et. al. in [11], which 
has become an important aspect in the research of meta-
materials. Later, to achieve polarization-insensitive absorp-
tion, wide incident angle absorption, broadband absorption, 
and multi-band absorption, many researchers make several 
efforts on the PMAs [12-20]. In 2013, a perfect metamate-
rial absorber with wide-angle and polarization-insensitive 
absorption was presented for RCS reduction of waveguide 
slot antenna in [16]. The maximum absorptivity of this 
absorber is 99.8 % with a full width at half maximum 
(FWHM) of 220 MHz. Then, a perfect metamaterial ab-
sorber (PMA) is applied for RCS reduction of a circularly 
polarized tilted beam antenna in [17]. But these PMAs 
cannot be directly used for the reduction of the guidewave 
slot array antennas (GSAAs) due to the large structure and 
radiation deterioration, especially the gain reduction. 
In this paper, an ultrathin and miniaturized FPMA 
with the three-order oblique cross dipole slot (TOOCDS) 
structure is presented and investigated for its application 
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for RCS reduction of the 1×10 GSAAs without radiation 
property deterioration. Experimental results show that the 
absorption is above 90 % from 3.17 to 3.22 GHz at normal 
incidence and the size of the absorber is 0.1λ × 0.1λ. The 
three-order FPMA is miniaturized 60 % compared with the 
zero-order ones. The FPMA is loaded on the array anten-
nas to reduce the RCS according to their surface current 
distribution. And the simulated results indicate that the 
array antennas significantly obtain the RCS reduction with-
out the radiation deterioration.  
2. Design and Analysis of FPMA 
Fig. 1(a), 1(b) and 1(c) show the geometry of the 
ultra-thin and miniaturized FPMA, which is composed of 
two metallic layers separated by a lossy dielectric substrate. 
The top layer etched a fractal-shaped TOOCDS set in 
a square patch and the bottom one is a solid metal. The 
metal is copper with the conductivity of 5.8 × 107 S/m. FR4 
is used as the substrate with the relative permittivity of 4.4 
and loss tangent of 0.02, respectively. The absorber struc-
ture was simulated and optimized using HFSS 14.0 by 
considering a unit cell. Optimized parameters are shown in 
Fig. 1 (units: mm).  
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Fig. 1.  Geometry and simulated absorptivity for the 
miniaturized FPMA unite cell. (a) Top view. (b) Side 
view. (c) Perspective view. (d) Simulated S11 and 
absorptivity for the FPMA with the optimized 
parameters.  
The transmission is zero (T = 0) due to the copper 
ground plate without patterning in the bottom layer. The 
absorptivity (A) is defined as [11], [16], [18] 
  A = 1 – R = 1 – |S11|2  (1) 
R represents the reflection of the FPMA.  
The optimized absorptivity for the structure is re-
ported in Fig. 1(d). The FPMA displays a great absorption 
capability. The designed idea of the FPMA is to adjust the 
effective ε(ω) and μ(ω) independently by varying the di-
mensions of electric resonant component and magnetic 
resonant component in the unit cell so as to match the sur-
face impedance to free space and achieve a large resonant 
dissipation at the meantime. And while, the tangent for the 
absorber is absorbing the microwave at the electric and 
magnetic resonant frequencies. Thus, the transmission and 
reflection are simultaneously minimized and absorption is 
maximized. From Fig. 1(d), we can see that the frequency 
range with experimental absorptivity larger than 90 % 
varies from 3.17 to 3.22 GHz with a FWHM of 130 MHz 
(3.14-3.27 GHz).  
 
Fig. 2.  Schematics of proposed fractal-shaped TOOCDS 
structure for FPMA under different cases. (a) Zero-
order FPMA. (b) One-order FPMA. (c) Two-order 
FPMA. (d) Three-order FPMA.   
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Fig. 3.  Simulated results of the absorptivity for the proposed 
FPMA with different cases. 
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Fig. 2 gives the schematics of the proposed fractal 
TOOCDS structure under different cases and Fig. 3 shows 
the corresponding S11 results. The construction law of the 
fractal TOOCDS structure can be briefly described by the 
recursive principle as follows: in the first step, an oblique 
cross dipole slot (OCDS) originating from one central with 
a length of detal2, followed by considering each end of 
these dipole as fresh starting points. Each of them produces 
a new OCDS with a length of detal3. Taking this repeated 
procedure in a recursive fashion, the third and higher-order 
self-similar fractals are formed as a function factor F and 
iteration order n: 
 Ln = L1/F(n-1) .    (2) 
Note that L3 is selected larger than L2/F in this particular 
design to guarantee the small gap space which can be 
adjusted to tailor the magnetic resonant frequency and 
accordingly facilitates a balanced condition. Parameters for 
the structures are same with the ones in Fig. 1. From Fig. 2 
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Fig. 4.  The simulated results of S11 for the proposed FPMA 
with different parameters. (a) width, (b) w, (c) a, (d) b, 
(e) a2, (f) b2, (g) high, and (h) tanδ.  
and Fig. 3, we can see that the resonance frequency shifted 
from 5.12 to 3.2 GHz and the absorptivity increased from 
0.48 to 0.99 as the order value increased from zero to three. 
It is obvious that the miniaturization for the fractal 
TOOCDS structure has been enhanced 60 % compared 
with the zero-order ones. 
A parametric study was carried out and the simulated 
results for the proposed FPMA with different values of 
width, w, a, b, a2, b2, high and tanδ is shown in Fig. 4. In 
the process of the study, the metallic layers were assumed 
to zero-thickness for reducing the computation time. It can 
be seen that the resonance frequency will be decreased as 
the width, a, b, a2 and b2 increase. The resonance frequency 
is increased as w changes from 0.7 to 1 mm. The optimized 
height is 1 mm. From Fig. 4, the b2 is the minimum amount 
of elements that have to be illuminated to excite the ab-
sorber. The resonance frequency should be 3.2 GHz for its 
application on the RCS reduction for GSAAs and the S11 is 
minimized as the parameters optimization. The optimized 
parameters are shown in Fig. 1. 
3. RCS Reduction of GSAAs  
In this section, the ultrathin and miniaturized FPMA 
has been applied for RCS reduction on the GSAAs. The 
surface current distribution of the GSAAs is analyzed and 
the metal surface of the GSAAs is divided into the strong 
current area and the weak current area. The FPMA has 
been loaded on the weak current area for RCS reduction of 
the array antennas and the metal surface with the strong 
current is simultaneously retained to avoid the radiation 
deterioration. The geometry and the surface current distri-
bution of the 1×10 GSAAs are shown in Fig. 5. The strong 
surface current area of the array antennas is near the two 
sides of the slots and the weak surface current area is 
around the array antennas from Fig. 5(d). So the FPMA is 
loaded on the weak current area to avoid the radiation 
deterioration in Fig. 6. The distance between the slots and 
the FPMA is optimized from 1 to 5 mm to minimize the 
gain reduction, and the optimized result is 3 mm. 
To demonstrate the GSAAs loaded the proposed 
FPMA, an intensive simulation study is carried out and the 
results are discussed. Fig. 7. shows the simulated S11 and 
gain. The impedance bandwidth of 2.2 % (S11 < -10 dB) 
from 3.15 to 3.22 GHz is achieved for the common anten-
nas (which is the GSAAs without FPMA) and the antennas 
loaded the FPMA obtained an impedance bandwidth of 
2.25 % from 3.15 to 3.23 GHz, from which it can be found 
that the two antennas have the same resonant frequency. 
The gain, shown in Fig. 7, varies from 13.6 to 14.5 dBi for 
the two antennas at the working frequency (3.15 GHz to 
3.23 GHz). The antennas loaded FPMA obtain a gain of 
14.1 dBi, which are 0 to 0.68 dB lower than that of com-
mon antennas from 3.15 to 3.2 GHz and higher than that 
from 3.2 to 3.23 GHz. The radiation characters of the 
GSAAs loaded FPMA can be retained for the FPMA 
loaded on the weak surface current area.  
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Fig. 5.  The geometry and surface current distribution of the 
1×10 guidewave slot array antennas (units: mm).  
(a) Geometry of array antennas. (b) Side view and (c) 
Top view for the array antennas. (d) Surface current 
distribution of the antennas at 0°, 90°, 180° and 270° 
at 3.18 GHz.  
 
Fig. 6.  The GSAAs loaded the FPMA based on the surface 
current distribution. 
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Fig. 7.  Simulated S11 and gain for guidewave slot array anten-
nas loaded FPMA and common antennas from 3.0 to 
3.4 GHz.   
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Fig. 8.  Radiation patterns of the guidewave slot array 
antennas loaded FPMA and common antennas at 
3.18 GHz. 
Simulated radiation patterns of the array antennas at 
3.18 GHz are given in Fig. 8. It can be seen that the radia-
tion patterns of the guidewave slot array antennas loaded 
FPMA are the same as one of the common antennas at 
3.18 GHz. The front-to-back ratio (FBR) remains to be 
better than 15.1 dB for the antennas loaded FPMA, which 
is 0.3 dB lower than that of common antennas. The radia-
tion characters are retained compared with the common 
array antennas. 
The simulated monostatic and bistatic RCSs of the 
two GSAAs are given in Fig. 9. From Fig. 9(a) and 9(b), it 
is found that the monostatic RCS reductions of the array 
antennas are significantly achieved from 3.15 to 3.25 GHz 
for the x-polarized incident wave and y-polarized incident 
wave. The GSAAs have -26.2 dB of RCS reduction peaks 
for the x-polarized incident wave at 3.2 GHz and -24.5 dB 
of RCS reduction peaks for y-polarized incident wave at 
3.19 GHz, respectively. The frequency shift of 10 MHz 
and the different peak values of RCS reductions are mainly 
caused by the impact of the edge diffraction along the X 
axis and the Y axis. Fig. 9(c) and 9(d) present the simu-
lated bistatic RCS for the common antennas and the array 
antennas loaded FPMA with the x- and y-polarized inci-
dent waves at 3.2 GHz. From Fig. 9(c), it can be found that 
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Fig. 9.  Comparison of monostatic and bistatic RCS of the 
GSAAs loaded FPMA and common antennas. Simu-
lated and measured monostatic RCS reduction with  
(a) x-polarized incident wave and (b) y-polarized inci-
dent wave impinging from normal direction. Simulated 
results of the bistatic RCS for antennas loaded FPMA 
with (c) x-polarized incident wave and (d) y-polarized 
incident wave at 3.2 GHz.   
for the case of x-direction polarized incident wave, the 
bistatic RCS has been effectively reduced in angular ranges 
of [-110°, -80°] and [-50°, 50°] in xoz-plane, and  
[-110°, 110°] in yoz-plane. From Fig. 9(d), we find the 
RCS has been effectively reduced in angular ranges of  
[-110°, 110°] in xoz-plane, and [-90°, 90°] in yoz-plane for 
y-direction polarized incident wave. 
4. Fabrication and Measurement 
To verify the simulation results, the prototypes of the 
FPMA, the proposed GSAAs loaded FPMA and the com-
mon array antennas are illustrated in Fig. 10 and have been 
experimentally studied. The proposed FPMA samples were 
respectively fabricated using an optical lithographic proc-
esses on a 1-mm-thick FR4 substrate with εr = 4.4 and 
tanδ = 0.02. The waveguide method [9], [11], [18] (closed 
system) has been used to verify the absorption. The meas-
ured results are shown in Fig. 1(d). The measured absorp-
tivity larger than 90 % varies from 3.17 to 3.22 GHz with 
a FWHM of 110 MHz (3.14-3.25 GHz). 
 
(a) 
 
(b) 
 
(c) 
Fig. 10.  The prototypes of array antennas. (a) The proposed 
FPMA. (b) The proposed guidewave slot array 
antennas loaded the FPMA. (c) The common array 
antennas.  
The experimental S11 and gain are given in Fig. 7. As 
seen from the curve, the array antennas loaded the FPMA 
have a narrow impedance bandwidth of 2.5 % from 3.15 to 
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3.23 GHz. The proposed array antennas obtain an average 
gain value of 13 dBi across the operating bandwidth from 
3.15 to 3.23 GHz and the gain reduction is less than 
0.73 dB. The experimental results indicate that the reliabil-
ity of the loaded FPMA for array RCS reduction is based 
on its surface current distribution. Fig. 8 shows the experi-
mental radiation patterns results at 3.18 GHz for both the 
xoz-plane and yoz-plane. The patterns are stable cross the 
operating bandwidth. The FBR remains to be better than 
10.5 dB for the antennas loaded the FPMA, which is 
0.9 dB lower than that of common antennas.   
The measured results of the monostatic RCS for two 
types of array antennas are shown in Fig. 9(a) and (b). The 
array antennas samples respectively have the monostatic 
RCS reduction peaks of -22.8 dB at 3.19 GHz for x-polar-
ized incident wave and -20.1 dB at 3.2 GHz for y-polarized 
incident wave. The measured results indicate that the array 
antennas loaded FPMA significantly obtain the RCS reduc-
tion from 3.15 to 3.25 GHz for both the x-polarized and y-
polarized incident wave. The measured and simulated 
results are in good agreement. 
It is necessary to point out that the presented FPMA 
has the advantages of ultra-thin and miniaturized structure 
and perfect absorption. However, the limitation of the 
FPMA is narrow bandwidth of absorption. So the next 
work is to enhance the bandwidth of absorption for the 
FPMA.  
5. Conclusion 
In this paper, a fractal three-order oblique cross di-
pole slot structure is presented to miniaturize the PMA and 
the fractal metamaterial perfect absorber is loaded on the 
guidewave slot array antennas to reduce their in-band RCS. 
The surface current distribution of the array antennas di-
vided into the strong and weak current areas is presented. 
The FPMA is only loaded on the weak current area. The 
RCS of the 1×10 guidewave slot array antennas is reduced. 
Simulated S-parameters, radiation patterns, gain, directiv-
ity, and RCS reduction of the array antennas are compared 
with the measured results. Measured results indicated that 
the in-band RCS of the array antennas loaded the FPMA 
has been dramatically reduced and the gain reduction is 
only about 0.73 dB. Experimentally and theoretically, it 
can be observed that the proposed FPMA has the advan-
tages of the ultra-thin and miniaturized structure, the per-
fect absorption and the high RCS reduction. The next work 
is to enhance the bandwidth of absorption for the fractal 
metamaterial perfect absorber. 
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